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ABSTRACT
Most simulation models for reciprocating compressors adopt the concept of effective force and flow areas to
characterize the valve dynamics and the mass flow rate through the valve. However, in the discharge process, the
proximity between the piston and the cylinder head may have a significant impact on the flow field and, hence,
should be taken into account in the evaluation of both effective areas. For instance, there is an additional viscous
friction loss associated with the radial flow through the very small gap left in the cylinder clearance when the piston
is close to the top dead center. In addition to that, such a flow may even affect the size of recirculating flow regions
in the discharge port and on the valve seat. In the present study, a CFD model is employed to analyze the influence
of the piston on the effective flow and force areas of a simplified geometry of discharge valve. Based on the results,
a method is then proposed to evaluate effective flow and force areas by considering the piston position.

1. INTRODUCTION
Automatic valves of reciprocating compressors are actuated by the pressure difference between the cylinder and the
suction/discharge chamber, established by the piston motion. Once the valves are open, the flow field affects the
resultant force acting on the reed and establishes the mass flow rate through the valve. Therefore, in order to obtain
an optimum valve system, it is crucial to identify the phenomena that impact on the flow and the valve dynamics.
Böswirth (1982, 1984, 1986) carried out a number of theoretical and experimental studies to better understand the
physics of flow in valve channels. Effects of flow regime (turbulence, compressibility, unsteadiness) on the valve
flow are among the many aspects considered in his studies. Ferreira and Driessen (1986) experimentally analyzed
the effects of different geometric parameters, such as reed diameter, valve port length, port entrance radius, on
effective flow and force areas.
Tramschek and Nasr (1992) investigated the flow through a simplified model of compressor valve. Laser Doppler
Anemometry (LDA) was used to measure radial components of fluid velocity in the gap between the valve and the
seat. Numerical results were obtained for various flow models: constant laminar viscosity, constant eddy viscosity
and variable eddy viscosity model (k-H turbulence model). Later, Deschamps et al. (1996) applied a finite volume
model to solve the turbulent flow in a radial diffuser with axial feeding. The numerical predictions of pressure
distribution along the front disc, for different valve lifts and Reynolds numbers, were compared to experimental
data. The agreement verified between the results showed that the RNG k-İ model can predict quite successfully the
flow in such geometries.
Matos et al. (2002) numerically solved the flow through compressor valves coupled to the valve dynamics. Despite
the simplified valve geometry considered in the analysis, the model was able to capture features found in the
dynamics of actual valves, such as the impact against the valve limiter for conditions of large mass flow rates.
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Kerpicci and Oguz (2006) performed a CFD analysis for a specific suction plenum-valve leaf-cylinder assembly of a
reciprocating compressor for different valve lifts with imposed pressure drops. Both steady and unsteady flow
formulations were considered and the difference between their predictions for time integrated mass flow rate was
found to be within 5% for the specific geometry and pressure pulsation profile assumed in the study.
Several simulation methodologies have been proposed in the literature along the years to predict the performance of
reciprocating compressors. Despite recent advances in numerical modeling strategies, the computational cost of a
full three-dimensional simulation of a compressor is still impracticable when several design alternatives have to be
assessed. Therefore, in such situations a better route is to adopt simpler methodologies, although with the necessity
of empirical adjustments.
One of the approaches most adopted in the industry consists of integral formulations for the compression process
inside the cylinder and semi-empirical expressions to evaluate the mass flow rate through valves as well as their
dynamics. Even though the mass flow rate through the valves are taken into account in the conservation equations,
the flow inside the cylinder is not solved and the cylinder pressure is assumed to be spatially homogeneous. In this
type of model, the flow induced force acting on the reed and the mass flow rate through the valve can be obtained
with reference to effective force area AF and effective flow area AV, respectively:
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where pv is the pressure difference across the valve (the difference between the upstream pressure pA and the
downstream pressure pB) and Fv is the pressure force resulting of the gas flow through the valve. Moreover, in Eq.
(2), Ao is the valve port area. The effective force area can be understood as a parameter related to how efficiently the
pressure difference pv opens the valve, whereas, for the same pressure drop, AV expresses the ratio between the
actual mass flow rate through the valve and that given by an isentropic flow condition. The actual mass flow rate m
and the flow induced force Fv can be obtained by means of experiment or numerical simulation. On the other hand,
the theoretical mass flow rate mǙth is calculated by the following equation for isentropic flow:

th

=

A

o

(

2
1)

2/

( +1)/

(3)

A

where TA is the upstream gas temperature and r is the ratio between the downstream and upstream gas pressures
(r = pB/pA), which is limited by the chocked flow condition, = [2/( + 1)] / 1 .
Despite several studies to investigate valve flow, it has not been found in the literature any investigation of the
influence of piston position on the effective flow and force areas. Naturally, during the suction process the piston is
far enough from the cylinder head and there is no significant impact on the flow through the suction valve. On the
other hand, in typical hermetic reciprocating compressors adopted for household applications, the piston is very
close to the cylinder head during the discharge process. The resulting radial flow through the very small gap left in
the cylinder clearance creates an additional viscous friction loss and may even affect the size of recirculating flow
regions in the discharge port.
The present paper reports a study of the influence of the piston on the effective flow and force areas of a simplified
geometry of discharge valve. A numerical model based on a two-dimensional formulation is developed to simulate
the discharge process for different combinations of valve lift and piston positions. Through results for effective flow
and force areas, and with the support of predictions for the flow field inside the cylinder and throughout the valve,
the analysis makes it evident that the piston position in relation to the cylinder head should be included to fully
characterize the valve performance.
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2. NUMERICAL SOLUTION PROCEDURE
A schematic representation of the geometry adopted to characterize the gas flow during the discharge process is
shown in Fig. 1. The solution domain includes the discharge valve and the compression chamber formed by the
cylinder and the piston. The discharge valve was positioned concentrically to the compression chamber such that
one can take advantage of an axisymmetric solution domain. Moreover, in the present study the reed valve is
considered parallel to the valve seat.

Figure 1: Schematic representation of the solution domain.
The compressible, turbulent flow is solved via the Reynolds averaged flow equations (RANS), in which the value of
a computed variable represents an ensemble average over many engine cycles at a specified spatial location. The
turbulence transport contribution was modeled through the RNG k-İPRGHODQGWKHVWDQGDUGwall functions approach
was chosen to avoid the necessity of solving the viscous sublayer region. An equation of state for ideal gas
completes the system required to solve the flow.
Instead of including the valve dynamics and the piston motion in the numerical analysis, the flow through the valve
is established by imposing a pressure difference of 1 bar between the lateral of the cylinder and the discharge
chamber (Fig. 1). Typical values of pressure and temperature during discharge processes for household applications
are used as boundary conditions. All wall surfaces were admitted to be thermally insulated. Furthermore, a length
scale equal to 7% of the characteristic dimension w and a turbulence intensity of 5% were adopted as inlet boundary
conditions for turbulence.
The computational model was developed with a commercial CFD code (ANSYS Inc., 2010) based on the finite
volume method. A structured grid arrangement with approximately 20,000 cells was employed in all simulations.
Due to the wall function approach adopted, the grid refinement next to solid walls was adjusted to guarantee that the
adjacent volume was located in the logarithmic region (y+ > 30).
In the finite volume method, interpolation of properties at the control volume faces can be of primary importance on
the accuracy of the numerical results. In the present work, a second-order upwind scheme was adopted in the
solution of the momentum equations, yielding a second order accuracy for the interpolated values. Yet, for the
transport equations of turbulence quantities the Power Law Differencing Scheme (PLDS) was used instead for
numerical stability reasons. The coupling between the pressure and velocity fields was achieved with the SIMPLEC
scheme. The system of algebraic equations was solved with a segregated algorithm.

3. RESULTS AND DISCUSSION
The flow through the valve depicted in Fig. 1 was investigated for different combinations of piston positions in
relation to the cylinder head, w, and valve lifts, s. Additionally, the study considered two port entrance geometries
(sharp and rounded) to complement the analysis.
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As shown in Fig. 2 for the sharp port entrance, there is a considerable decrease in the effective flow and force areas
as the piston approaches the cylinder head. This is a consequence of the greater viscous friction in the radial flow
that happens when the clearance becomes narrower, reducing the flow in the discharge orifice. However, when
attention is turned to the rounded port (Fig. 3), the piston position is seen to return a smaller impact on the effective
areas. In fact, both effective areas are practically unchanged for clearances larger than 0.5mm.
In order to further explain such flow features, Fig. 4 was prepared. In this figure dimensionless stream-function
= / are plotted along the flow for both port geometries at different positions of the piston, but with a fixed
valve lift (s = 0.6mm). It is clearly seen the presence of large recirculating regions in the port passage and on the
valve seat when a sharp port entrance is adopted (Fig. 4a). On the other hand, Fig. 4b indicates the absence of any
flow separation inside the port for the rounded entrance, unless the piston is very close to the cylinder head
(w = 0.1mm). Naturally, flow separation and the size of the resulting recirculating flow regions are affected by
several parameters, such as valve pressure drop, pv, valve lift, s, ratio between valve and port diameters, D/d,
clearance w.
1.0
w = 0.1 mm
w = 0.3 mm
w = 0.5 mm
w = 0.7 mm
w = 0.9 mm
w = 1.1 mm

0.5

Dimensionless Effective Force Area

Dimensionless Effective Flow Area

0.6

0.4
0.3
0.2
0.1
0.0

0

0.2

0.4

0.6

0.8

0.8
0.6
0.4
0.2
0.0

-0.4
-0.6

1

w = 0.1 mm
w = 0.3 mm
w = 0.5 mm
w = 0.7 mm
w = 0.9 mm
w = 1.1 mm

-0.2

0

0.2

0.4

0.6

0.8

1

Valve Lift [mm]

Valve Lift [mm]

(a) Effective flow area.

(b) Effective force area.

Figure 2: Results for effective flow and force areas; valve port with sharp entrance.
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Figure 3: Results for effective flow and force areas; valve port with rounded entrance.
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It is interesting to notice some effects caused by the rounded port geometry on the flow through the valve. Initially,
as Fig. 4 illustrates, the recirculating flow region on the valve seat is larger than that associated with the sharp
entrance when w = 0.5 and 1.1mm, which decreases the effective flow area, as observed in Fig. 3a. Nevertheless, for
the minimum clearance (w = 0.1mm), the radial flow exiting the clearance is not able to change its direction
smoothly along the rounded entrance and a large recirculating flow region is formed. In this situation of small
clearance, both port geometries have very similar values of effective force areas, whereas the effective flow area is
somewhat higher for the rounded entrance geometry.
Unlike the rounded port, the geometry with sharp entrance presents maximum effective flow areas for intermediate
valve lifts (Fig. 2a), which occur when the valve lift, s, is comparable to the distance between the piston and the
cylinder head, w. Minimum values are observed in the effective force areas (Fig. 2b) near the condition in which AV
is maximum, indicating opposite effects of the flow on these quantities. Notwithstanding, for the rounded port, the
minimum values for effective force areas occur practically at the same valve lift.

w = 1.1 mm

w = 0.5 mm

w = 0.1 mm
(a) sharp entrance

(b) rounded entrance

Figure 4: Results for dimensionless stream-function; s = 0.6mm.
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(a) Effective flow area.

(b) Effective force area.

Figure 5: Surfaces of dimensionless effective flow and force areas as a function of valve displacement and piston
position for a discharge valve with sharp entrance and smaller port diameter.
Based on the previous approach, one can extend the usual method of evaluating effective flow and force areas as a
function of valve lift and include also the piston position as a parameter, i.e.:
V

=

V(

, )

;

F

=

F(

, )

(4)

For instance, Fig. 5 presents surfaces of effective areas obtained for a discharge valve with a sharp entrance and a
smaller port diameter than that previously analyzed. Both surfaces gather all possible combinations of valve lift and
piston positions that can be found during the compressor simulation. Such data can be easily included into models
based on lumped formulations, such as that described by Soedel and Wolverton (1974), allowing a better
characterization of valve performance. As Fig. 5a shows, at the top dead center (w = 0.1 mm) the effective flow area
will be dictated by the narrow clearance formed between the cylinder head and piston walls, regardless the valve lift.
This will affect the pressure variation inside the cylinder and, as a consequence, have an impact also on the valve
dynamics.

4. CONCLUSIONS
Despite the availability of multi-dimensional simulation models for reciprocating compressors, the most extensively
approach adopted for preliminary design is based on integral formulations for the thermodynamic process inside the
cylinder. In this type of model, the flow induced force acting on the valve dynamics and the mass flow rate through
the valve are obtained with reference to effective force area AF and effective flow area AV, respectively. During the
discharge process, an amount of gas inside the cylinder has to leave the cylinder through a very narrow gap formed
between the cylinder head and the piston surface. The present paper reported a theoretical study of the piston
influence on the effective flow and force areas of a simplified geometry of discharge valve. It is concluded that
although not considered in the standard concept of effective areas, the piston position is very important during the
discharge process. Accordingly, a method was proposed herein to evaluate and express effective force and flow
areas as a function of valve lift and piston position.

NOMENCLATURE
AF
Ao
AV
d
D
Fv
mǙ

effective force area
discharge port area
effective flow area
port diameter
valve diameter
gas pressure force on the valve
mass flow rate

(m²)
(m²)
(m²)
(m)
(m)
(N)
(kg/s)

mǙth
pA
pB
pcrit
R
r
s

theoretical mass flow rate
upstream gas pressure
downstream gas pressure
critic gas pressure
gás Constant
pressure ratio (= pA/pB)
valve lift
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(kg/s)
(Pa)
(Pa)
(Pa)
(J/kg/K)
(-)
(m)
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TA
w

upstream gas temperature
piston position

(K)
(m)

ɀ

pv

pressure difference across the valve (Pa)
specific heat ratio
(-)
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